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Abstract 

Thomson scattering has recently been introduced as a fundamental diagnostic of 

plasma conditions and basic physical processes in dense, inertial confinement fusion 

plasmas. Experiments at the Nova laser facility [E. M. Campbell et al., Laser Part. 

Beams 9, 209 (1991)] h ave demonstrated accurate temporally and spatially resolved 

characterization of densities, electron temperatures, and average ionization levels 

by simultaneously observing Thomson scattered light from ion acoustic and electron 

plasma (Langmuir) fluctuations. In addition, observations of fast and slow ion acous- 

tic waves in two-ion species plasmas have also allowed an independent measurement 

of the ion temperature. These results have motivated the application of Thomson 

scattering in closed-geometry inertial confinement fusion hohlraums to benchmark 

integrated radiation-hydrodynamic m.odeling of fusion plasmas. For this purpose a 
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high energy 4w probe laser was implemented recently allowing ultraviolet Thomson 

scattering at various locations in high-density gas-filled hohlraum plasmas. In partic- 

ular, the observation of steep electron temperature gradients indicates that electron 

thermal transport is inhibited in these gas-filled hohlraums. Hydrodynamic calcula- 

tions which include an exact treatment of large-scale magnetic fields are in agreement 

with these findings. Moreover, the Thomson scattering data clearly indicate axial 

stagnation in’ these hohlraums by showing a fast rise of the ion temperature. Its 

timing is in good agreement with calculations indicating that the stagnating plasma 

will not deteriorate the implosion of the fusion capsules in ignition experiments. 

PACS numbers: 52.35 Fp, 52.35 Mw, 52.40 Nk, 52.50 Jm 
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I. INTRODUCTION 

Thomson scattering (TS)le6 is a powerful technique for plasma characterization that has 

seen limited applications in inertial confinement fusion (ICF) plasmas. This is because the 

small scale, strong laser absorption, stray light, plasma gradients, and multiple ion species 

in the higher density plasmas relevant to ICF present a significant experimental challenge. 

Over the last years we have developed TS capability at the Nova laser facility7 and we have 

performed successful TS experiments in ICF plasmas which became feasible due to recent 

experimental and technical progress in this field. Among these are the verification of the TS 

theory for plasmas with multiple ion species’ and with steep gradients9 using open geometry 

blow-off plasmas as well as the application of high-energy” or ultravioletl’ probe lasers. In 

this paper we will describe that capability and present examples illustrating the importance 

of the high precision measurements in refining our understanding and ability to calculate 

laser plasmas. 

Our experiments have characterized closed-geometry gas-filled hohlraums allowing de- 

tailed comparisons with integrated radiation-hydrodynamic modeling12J3 of laser plasmas. 

Hohlraums are used in indirect drive ICF research14J5 to convert shaped high-energy laser 

light into soft x rays driving the implosion of the fusion capsule by x-ray ablation pressure. 

In present ignition design for the future National Ignition Facility (NIF), the hohlraums are 

filled with a low-2 gas 15-17 to inhibit movement of the laser absorption and x-ray emis- 

sion region and to prevent early axial stagnation of the high-2 plasma blow off. These 

are important properties of gas-filled hohlraums for maintaining radiation symmetry and a 

symmetric high-convergence, high-yield implosion of the fusion capsule. The TS measure- 

ments in hohlraums have allowed us to test the plasma characteristics of this design and are 

important to understand laser-plasma interactions in gas-filled hohlraums’8-23. In addition, 

the TS experiments have changed the way we model laser plasmas. 

It was found previously” that the electron temperature measurements were only consis- 

tent with radiation-hydrodynamic modeling if a high degree of electron thermal transport 
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inhibition was postulated. In the present study, we have verified this finding by performing 

new ultraviolet (4~) TS experiments in gas-filled hohlraums which are heated with smoothed 

laser beams. They show high electron temperatures of up to 4.5 keV associated with steep 

electron temperature gradients. For this reason we have performed the first simulations of 

hohlraum plasmas that include all relevant large-scale magnetic field terms (see Ref.24). They 

show excellent agreement with the experiments without assumptions about heat transport 

inhibition. These simulations also provide good agreement with our earlier 2~ TS studieslO 

and verify its conclusions indicating that magnetic fields of order of 5 1 MG may be an 

important source for the inhibition of electron thermal transport25y26. 

Measurements of the ion temperature in two ion species plasmas have been validated by 

our experiments with open geometry laser-produced plasmas. In hohlraums that are filled 

with a carbon-hydrogen gas we find that the ion temperatures increase rapidly on axis during 

the heating with a shaped laser pulse. The measured timing is in good agreement with the 

radiation-hydrodynamic modeling which shows on-axis stagnation due to fast compression 

of the gas plasma. We have investigated this effect for different densities and we find that 

stagnation is delayed with increasing density as predicted by the modeling. This is an 

encouraging finding for future indirect drive ignition experiments as it indicates that the 

high pressure stagnating plasma regions do not affect the capsule implosion for high gas-fill 

densities. , 

The paper is organized as follows: In Section IIA we describe the measurement capabil- 

ity, the theory used to analyze the experimental data, and briefly discuss an open-geometry 

experiment in which detailed measurements of the averaged charge number of.Au has been 

made with TS. These measurements have allowed us to understand the significance of di- 

electronic recombination to model recombining high-2 plasmas which is an important test 

of atomic physics codes used in the modeling of hohlraum plasmas. In Section IIB we will 

briefly describe an open-geometry experiment which has verified the theory from Fejer27 

and Evans2’ for the TS spectra from two-ion species plasmas. This theory is subsequently 

applied to analyze the TS data from hohlraums. In Section IIIA we present the hoh]raum 
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experiments and discuss the comparison of the experimental electron temperatures with the 

radiation-hydrodynamic modeling. The discussion includes the first hohlraum simulations 

with an exact treatment of large-scale magnetic fields which show good agreement with the 

TS data. In Section IIIB we describe the modeling with magnetic fields, and in Section 

IIIC we present a comparison of the experimental ion temperatures with the simulations. 

Section IV summarizes the results. 

II. VERIFICATION OF THOMSON SCATTERING THEORY WITH OPEN- 

GEOMETRY EXPERIMENTS 

IIA. High-Z Plasmas 

Shortly after the first application of TS to measure electron densities and temperatures in 

laboratory discharge plasmas 35 years ago2g*30, it was established world-wide as a standard 

technique to characterize low-density magnetic fusion plasmas31132. Subsequently, the utility 

of TS was also demonstrated in laser-produced plasmas to measure electron temperatures 

and the characteristics of ion acoustic and electron plasma waves in a large number of studies 

using open-geometry disk and exploding foil plasmas (e.g., Refs.33-40). In experiments at 

the Nova laser facility we have verified the theoretical TS cross section calculations6*27~28 

for plasmas with steep gradients and with two-ion species using blow-off coronal plasmas 

in order to understand TS spectra from hohlraums and to correctly deduce temperatures 

and flow from the experimental data. In particular, we have measured the electron plasma 

wave spectrum (electron feature) in addition to the ion acoustic wave spectrum (ion feature) 

from a highly ionized Au plasma with TS ‘. For similar conditions we have also observed 

two ion acoustic waves in two ion species plasmas and verified the theoretical predictions for 

the phase velocities of the waves for various ion concentrations’. These studies have shown 

that electron temperatures, T,, electron densities, n,, the averaged ionization stage, 2, ion 

temperatures, T;, and relative ion concentrations of the plasma can be measured with high 
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accuracy with error bars of < 20 %. 

The experiments were performed at the Ndglass Nova laser facility at the Lawrence 

Livermore National Laboratory that operates at 1.055pm (1~) and which can be frequency 

converted to 2w or 3~. In addition, an independent 4w (50 J) probe laser was recently 

implemented for TS experiments . l1 To produce a two-ion species plasma with a controlled 

amount of a light and a heavy species, a flat disk of 2 mm diameter was illuminated with a 

single Nova beam (Fig. 1). It is af/4.3 laser beam illuminating the disk at an angle of 64’ to 

normal. We used a 1 ns square pulse and 2.9 kJ energy at 3w (X = 351 nm) resulting in an 

intensity of I g 1015W cms2 on target. The disks were coated with Au and Be multilayers of 

varying thickness. For example, we used 860 layers of 0.5 nm Au and 5.6 nm Be with a total 

thickness of 2.6pm on a 51pm thick Au or 254pm thick Be substrate to obtain a plasma 

consisting of 4 % Au and 96 % Be by atomic number. For the measurements with pure 

Au we applied a somewhat longer heater pulse of 1.5 ns with higher energy and a kinoform 

phase plate (KPP)41 keeping the intensity at I 2 1015W cmM2. 

Initially, TS has been performed with one beam of the Nova laser facility which was 

operated at 2~ (526.6 nm) and at energies of 100 - 500 J. Recent experiments have charac- 

terized the blow-off plasmas applying 4w (263.3 nm) TS at various positions including the 

high density plasma regions close to the surface of the disk which can not be diagnosed with 

a 2w laser. The 4w probe was operated at low energies of 50 J at 4w in a 1.5ns square pulse 

to characterize the coronal temperature and flow gradients of the plasma which is critical 

to validate the theory used to calculate Thomson scattering spectra. These measurements 

are described in more detail in Ref .‘. They show an electron temperature gradient with a 

scale length of LT = 800 - 1800pm while the ,disk is being heated by the 3w heater beam. 

At the end of the heating the corona quickly becomes isothermal. The flow gradients were 

found to be in the range of LV = 400 - 800pm. 

For our TS experiments, the electron densities and temperatures, probe laser wave- 

lengths, and scattering angle result in collective TS from fluctuations characterized by 

wavenumbers, k, such that (Y = l/kAD > 2, where X0 is the electron Debye length. In this 
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regime, the scattered light spectrum consists of the ion and the electron feature. They cor- 

respond to scattering resonances at the ion acoustic wave (iaw) and at the electron plasma 

wave (epw) frequencies shifted from the incident probe laser frequency on either side on 

the frequency scale (redshift and blueshift for copropagating and counterpropagating waves 

along the scattering vector k). 

Figure 2 shows TS data at the iaw and epw wave frequencies from a Au coronal plasma 

using a 2w probe laser. For our conditions it was advantageous to use a - 500 J 2w probe 

for the observation of the electron feature because of smaller background levels in the visible 

spectral range, absence of stray light from the heater beam, and because of the larger peak 

intensity of the electron feature for larger values of Q obtained with a 2w probe laser. The 

beam was parallel to the disk at a distance of z = 450 ,um and focused to 170 pm diameter. 

In addition to a high resolution lm-spectr.ometer which was used to measure the ion feature 

employing an S-20 streak camera with a temporal resolution of 30 ps and a wavelength 

resolution of 0.05 nm, we observed the electron feature in .the wavelength range of 550 nm 

- 800 nm using a beam splitter and a 1/4-m spectrometer. A second optical streak camera 

(S-l) was employed to record the electron feature with a temporal resolution of 150 ps and 

a wavelength resolution of 1.3 nm. Radiation with wavelengths X < 550 nm was rejected by 

an optical filter (BG-550, Schott) to prevent saturation of the detector by the ion feature of 

the TS spectrum. Both spectrometers observed essentially the same volume in the plasma. 

The frequency separation of the two peaks of the ion feature (Fig. 2) is twice the ion 

acoustic frequency, w;,, 

where M is the ion mass, T; is the ion temperature, I’; is the specific heat ratio, and the 

length of the scattering vector k;, is given by the triangle relation’ shown in Fig. 1. The 

propagation direction of the corresponding ion acoustic waves in the plasma is determined 

by the scattering vector k with k = ki, = k, - ko. The wavenumber of the incident light, 

k 0, is in the direction of the probe laser. Similarly k, points in the direction of the detector. 
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More generally, we have 

w + wo 
k= -ko+e,------ 

c 

where wo is the frequency of the incident laser and w + ws is the frequency of the scat- 

tered radiation. The incident wave vector must be found from the dispersion relation for 

electromagnetic waves in plasmas 

wo”= p w2 + k2c2 0 7 (3) 

c is the velocity of light, and wP is the plasma frequency. Equation (3) can be solved for ko 

in terms of the critical density which is defined by we = wP and given in practical units as 

n,,(cm-3) = 1.1 x 102’/(Xs(~m))2) 

Solving Eq. (3) for ko and using Eq. (4) gives 

koz~@j+j/~ (5) 

This relation shows that k,-, is reduced from its vacuum value for high density plasmas. For :- 

example, for n, = 2 x 102’cmA3 and a probe laser with X0 = .5266pm we have Lo = 0.97?. 

This results into a small density-dependent correction. Larger corrections of up to 15% 

occur in hohlraums where n, > 1021cm- 3. Since the frequency of the scattered light is only 

shifted by the comparably small ion acoustic frequency, the wavenumber of the scattered 

light is given by Ic, g ko. It is then possible to calculate the wavenumber of the ion acoustic 

waves from the triangle relation’ shown in Fig. 1 

k;, 2 2kosin(0/2) (6) 

using k. as given by Equation (5). For large frequency shifts of the scattered light as,, e.g, for 

the epw resonance, the k-vector is given by Eq. (2) with the frequency w or the wavelength 

X = 2nc/(w + ws) as independent variable. 

For example, in case of a highly ionized coronal plasma where the electron temperature 

exceeds the ion temperature T; so that the T;/T,-term in Eq. (1) is negligible, this equation 
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illustrates that 7’, can be deduced from the frequency separation wi, if 2 is known indepen- 

dently or vice versa. However, a rigorous treatment.to infer the plasma parameters from the 

experimental spectra involves fitting of the experimental spectra with the theoretical form 

factor S(k, w)~~-‘~. The theoretical fits shown in Figure 2 use the following expression for 

the scattered power, Ps, into a solid angle dR per frequency range dw, 

dPs $1 * 7j2 2 

dRdw=Fro J 
4 (4 dsS(k, w; z)n,(z) / dydzy, 

where $; (i = 1,2) are polarization vectors defining the directions of the Thomson probe 

electric field Eo and of the scattered light detection; rs = e2/m,c2. The dynamical form 

factor, S(k, w; CC), has been calculated locally to account for spatial variations of electron 

density n,(z), electron temperature, T,(X) and plasma flow velocity, V( ZC). We have assumed 

the following linear forms of these variations: T,(z) = T,(l - s/LT), n,(z) = n,(l - s/L,), 

V(z) = V(1 + z/h), within the scattering volume which is defined by the geometry of the 

collection optics and the Thomson probe intensity, E:(r). Gradients in V and T, primarily 

affect the iaw spectrum and gradients in ne primarily affect the epw spectrum. The TS 

cross-section (2) has been derived in the approximation .which exploits an existing scale 

separation between plasma parameter gradients and the characteristic electron fluctuation 

wavelength, i.e. for kL,, kLT, kLv >> 1. The quantities LT, Lv have been inferred from 4w 

TS data which have been collected at different locations along the normal direction to the 

disk. 

The inhomogeneity of a plasma flow velocity V(x) is primarily .responsible for the large 

broadening of ion acoustic resonances shown in Fig. 2. For comparison, we also show in 

Fig. 2 a calculated iaw spectrum without including gradients (dashed curve) which clearly 

underestimates the width of the resonance. Other small sources of broadening of the iuw 

resonance are ion-ion collisions46 and electron Landau damping in these high-2 plasmas. 

A collisionless response of electrons is justified by the large values of the ratio between 

electron-ion mean free path and the wavelength of fluctuations, kX,i >> 1. An expression 

for the dynamical form factor, S(k, w), w ic h h accounts for the effect of ion-ion collisions has 
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been derived in Ref.47 from a theory of hydrodynamical fluctuations. It has the following 

form, 

S(kTw) = 

4k2[cz/( 1 + k2X&) + uz]Tia 
cw2 _ k2w,2)2 + 4w2y;2, ’ (8) 

where TJ~ = [cz/(l + k2XL) + I’ivf]1’2, cs = (,ZTe/M)‘i2, ZJ; = (T;/M)““. The damping of 

ion-acoustic fluctuations at the frequency w, 7ia = 2k2v,“Reqi/3L/; + (r/8)1/2c;kv,/u, and 

the specific heat ratio, .I’; = 5/3 + 4wImqi/3vi, are defined by the frequency dependent ion 

viscosity47, q; = iv;(w + i1.46v;)/[(w + 1.2iv;)(w + 1.46iv;) + 0.23$]. Ion-ion collisions are 

described by the frequency u; = 4~~4e4niA;/3M’/2Ti3J2. In addition in order to reproduce 

the TSdata as shown in Fig. 2 we have modified the frequency w by a Doppler shift, k-V(x) 

due to projection of a plasma flow velocity on the direction of the wave number k. 

The simultaneous observation of the iuw and the epw wave spectrum offers a unique 

way to obtain T,, n,, and J? from TS alone. For this purpose we first determine T, and ne 

from the epw spectrum and use the value for T, to obtain 2 from the iuw spectrum. Figure 

2 shows a heavily damped epw resonance which wavelength shift is approximated by the 

Bohm-Gross dispersion relation 

W2 = wp” -k 3k2T,fm, (9) 

where w2 = 4ne2n,/m, is the plasma frequency. Equation (9) indicates that the electron P 

density of the plasma can be obtained with high accuracy. For this purpose, the electron 

temperature must be self-consistently obtained from the epw spectrum which is possible as 

the electron plasma wave is heavily damped by electron Landau damping. The fit of the 

spectrum includes gradients where we take the electron density gradient from the radiation- 

hydrodynamic modeling. Again, it turns out that the gradients are important only while 

the heater beam is on at t = 1.4 ns. Without gradients the width of the peak at 735 nm 

is smaller than observed (dashed curve in Fig. 2). The values of L,, Lv and LT used in 

the modeling of the epw resonance are consistent with the inhomogeneity scales applied 

to the iuw resonance calculations. It turns out that the fit is fairly robust. Increasing 
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Landau damping by increasing T, results in a broader electron feature, but also shifts the 

resonance to larger wavelengths (Bohm-Gross relation). To compensate for this shift, one has 

to assume a smaller electron density which in turn reduces electron Landau damping, and 

this fit does not converge. Small deviations from the calculated electron density gradient are 

probably responsible for the slight discrepancies between the fit and the data at X z 780 nm. 

Consistent with this picture, discrepancies of this kind are not present for the data taken 

after the heater beam turns off when gradients are less important (see Ref.g). To model 

the TS data at the epw resonance we have used in Eq. (2) a collisionless expression for the 

dynamical form factor (cf e.g. [4]) 

S(k,w) = $ / 1 - $I2 &,(w/k) + y 1$12 .&i(w/k), (10) 

where the plasma dielectric function, e = 1 + xe + x;, and the susceptibility functions, 

xa = 1 + (w,2,/k2) J d3v (w - k . v)-’ k - dFs,/dv (CY = e, i) are defined using the local 

Maxwellian distribution functions, Fe,. The symbol PO, stands for a one dimensional distri- 

bution function which has been obtained after integration of the components of the velocity 

vector transverse to k . The distribution functions depend on the spatial coordinate 2 

through inhomogeneous flow velocity and electron temperature. In addition, by fitting the 

spectrum we can exclude the possible presence of non-Maxwellian distributions48-50 in the 

plasma. Predictions from Fokker-Planck calculations5’ result in a super-Gaussian distri- 

bution, Fs, N exp(+?), with an exponent in the range of m = 3.5 - 4 for the averaged 

intensity of the 2w probe laser. However, we find by replacing Fs, in Eq. (10) with the super- 

Gaussian distribution4gv48 that the electron feature is fit best by a Maxwellian distribution 

(m = 2) while, e.g., m = 3 results in a resonance that is too narrow, not consistent with 

the gradients in the plasma. The predictions likely overestimate m because in the present 

experiment, lateral electron transport out of the probe beam volume plays an important role 

which is not accounted for in the calculations. The fit shown in Fig. 2 gives T, = 2.0 keV 

and n, = 2.1 x 1020cm-3. 

Using the parameters from the epw resonance, we obtain z of the plasma by fitting the 
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simultaneously measured ion acoustic wave spectrum. The ion acoustic peaks are signifi- 

cantly broadened due to the inhomogeneity of the plasma in the scattering volume (Fig. 2). 

The measured temperature gradient implies a heat flux and a corresponding skewing of the 

distribution function!‘. This results in different Landau damping of the two ion acoustic 

peaks. Accounting for this asymmetry, the broadening from the instrument (0.05 nm), and 

the spatial gradients allows a good fit of the entire spectrum.. Z’, is given by the electron 

feature with an error of about 15 %, by varying the calculated spectra within the noise of 

the data. Therefore, we can deduce the averaged charge state 2 from the ion feature with 

an error of 20 %. 

As an example, we show in Fig. 3 the averaged charge number 2 measured with TS 

together with two-dimensional simulations using the radiation-hydrodynamic code LAS- 

NEX. Although in this study we can generally neglect heating of the 4w probe laser, the 

high-energy 2w probe must be included in the simulations. These assumptions were verified 

by varying the energy of probe lasers over three orders of magnitude. The good agreement 

between the measured and calculated electron temperatures suggests that the simulations 

approximate well the. heating of the probe laser as well as the electron thermal transport 

in the corona plasma. The experimental data show that the charge number decreases from 

z = (45 f 9) to 2 = (25 f 5). Both the calculations based on an average atomic physics 

model (XSN)52 and the calculations with detailed configuration accounting (DCA, - 1000 

levels)53 agree with the measurements during the heater beam pulse giving 2 N 49. After 

the heater has turned off, we observe that the averaged atomic physics model significantly 

overestimates the charge state of the plasma. On the other hand, the DCA model is in 

reasonable agreement with, the experimental data. DCA calculations without two electron 

transitions processes show that dielectronic recombination is the process responsible for the 

decrease of .?J of the plasma as seen in the experiment. Consistent with this observation of 

a recombining plasma, we find that the simultaneously measured electron density also falls 

rapidly. Independent from these findings we have verified the importance of dielectronic 

recombination for. the present conditions with Monte Carlo calculationss4. Furthermore, 
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recent measurements have observed a fast decrease of 2 with x-ray emission spectroscopy 

for the same experimental conditions. 

IIB. Two-Ion Species Plasmas 

Figure 4 shows the TS data recorded from a 4 % Au, 96 % Be disk target (from Ref.‘). 

Four ion acoustic features, the two outer ones belonging to Be and the two inner ones 

belonging to Au, can be clearly seen for 0.9 ns < t < 1.7 ns. This finding verfies theoretical 

predictions of Fejer27 and Evans2’. In Fig. 4 the 3w heater beam lasts from 0 to 1 ns and 

the 2w probe beam from 0 to 4 ns. We find that the TS spectra are Doppler shifted to 

the blue due to the supersonic expansion of the corona. This can easily be seen from the 

2w stray light which can be used as a convenient wavelength and timing fiducial. For the 

time interval shown in Fig. 4(a), Th omson scattering gives temperatures of the plasma of 

0.2 keV< T, < 1.2 keV ensuring that the Be ions are fully ionized. Therefore, the separation 

and damping of the ion acoustic features belonging to the Be ions can be directly used to 

determine the electron temperature. Peak electron temperatures are smaller than in the 

previously described experiments because the low-2 species dominate the composition of 

the plasma giving rise to a more isothermal corona. In addition, the heater beam is shorter. 

The electron densities are of order N 1020cm-3 giving a scattering parameter CY well above 

3 in which case scattering spectra are not sensitive to the electron density. 

The TS spectrum at 1.5 ns< t < 1.6 ns shows the four ion acoustic resonances due 

to the slow and the fast ion acoustic wave [Fig. 4(b)]. Apart from the slight asymmetry, 

analysis of the spectrum yields considerable information. Since the relative intensities of 

the ion acoustic peaks are determined by damping of the Au and Be ion acoustic waves, 

the theoretical fit to the spectrum gives Ti/Te = 1.1 [Fig. 4(c)]. For the spectrum shown 

in Fi. 4(b) gradients are not important since it is taken after the heater beam turns off and 

in addition because low-2 blow-off plasmas tend to be isotherma155. From the wavelength 

separation of the Be ion acoustic features, we find T, = 230 eV. Finally, the wavelength 
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separation of the Au features gives 2 = 40. We have performed this analysis to a series 

of experiments with relative Au concentrations of 1 %, 2 %, 4 %, and 8 %. The ratio of 

the wavelength separation of the Au ion acoustic features to the Be ion acoustic features 

was found to increase with increasing Au concentrations (see Ref.8) providing a detailed 

verification of the theory for S(k, w) of Fejer27 and Evans2’. 

Our data show that Thomson scattering from a two ion species plasma is an accurate 

diagnostic of electron temperature and ion temperature. The observation of both the fast 

and the slow wave on the Thomson scattering spectra shows that they are moderately 

to strongly damped56. In this regime, Landau damping is a strong function of the ion 

temperature resulting in a highly accurate ion temperature measurement. In addition, the 

relative ion densities can be measured with high accuracy if the ion charge state is known 

independently or vice versa. 

III. HOHLRAUM PLASMAS 

IIIA. Experiments with Gas-filled Hohlraums 

Figure 5 shows the experimental geometry of a hohlraum TS experiment. Cylindrical gold 

hohlraums of 2,750pm length and 800pm radius (scale-l) were used which is the standard 

size for capsule implosions57~58 and present benchmarking experiments’0*23~5g*60 at Nova. On 

either side, five laser beams enter the hohlraum through laser entrance holes (LEH). We 

shot hohlraums filled with 1 atm of methane (CH4) or with 1 atm of propane (CsHs) and 

used 0.35pm thick polyimide to cover holes. The hohlraums were heated with a total of 

ten KPP-smoothed laser beams. The pulse duration was 2.4 ns rising from a 7 TW foot to 

17 TW peak power (pulse shape no. 22: PS22) with a total energy supplied to the target of 

27 kJ. 

We used the 4w probe laser to measure TS spectra from various locations in the hohlraum. 

The probe was focused to - 1OOpm diameter giving a cylindrical scattering volume. Its 

14 



length is determined by the imaging optics (f/10) and is 70pm for the presently used 1.5 

magnification and 100pm detector slit size. The scattering angle was chosen to be 8 = 90” 

and the scattered light was observed through a rectangular window (400pm x 600pm) cut 

in the side of the hohlraum. 

Figure 6 shows the 4w TS data from the axis of a methane-filled hohlraum at a distance 

of 800pm from the hohlraum center. For 0 ns < t < 1.1 ns no TS signal can be observed. 

Estimates show that the TS signal is not detectable because of the small electron density in 

the scattering volume at early times. For 1.1 ns < t < 1.8 ns two broad ion acoustic features 

are observed from light scattering off the CH4-plasma. The intensity and the width of the 

ion acoustic peaks increases significantly during this period indicating increasing densities 

and ion temperatures. Furthermore, the TS spectrum shows an asymmetry consistent with 

an electron heat flux from the LEH region, where all the heater beams cross, to the center of 

the hohlraum. The heat flow increases the electron Landau damping of the ion acoustic wave 

resonance in the direction of the flo~~‘*~~ which is the red component of the TS spectrum 

of Fig. 6. In Fig. 6 we also observe a small red shift of the whole TS spectrum. This 

wavelength shift gives information about macroscopic plasma flow in hohlraums which is 

an important parameter affecting laser beam pointing 63 It indicates a plasma motion from . . 

the LEH towards the hohlraum center with a speed of v II 1.3 x lo7 cm/s which is of the 

same order as seen in the simulations (V = 2 x lo7 cm/s). For t > 1.8 ‘ns, a cut-off of the 

Thomson scattering signal occurs because the probe laser is absorbed when the high density 

Au plasma from the hohlraum walls moves into the path of the probe laser. 

Fitting the hohlraum TS data with Eq. (7) using the form factor S(k, w) for a two ion 

species plasma, which has been tested with experiments described above, gives accurate 

data for the electron and ion temperature of the plasma. Figure 6(b) shows the spectra at 

t = 1.2 ns and t = 1.6 ns averaged over 80 ps together with the fit. For the data analysis it 

is assumed that light scattering occurs on a fully ionized CH-plasma with Tc = TH because 

of equilibration times of order 0.2 ns. Our hydrodynamic simulations as well as temporally 

resolved two-dimensional x-ray images observing the Au-plasma emission at energies of E > 
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2.5 keV show that Au-ions were not present in the scattering volume for t < 1.8 ns (Fig. 7). 

The x-ray images view the hohlraum plasma along its axis. They show a five-fold radiation 

pattern due to the gold blowing off the wall where the heater beams illuminate the hohlraum. ! 

From Fig. 7 it is obvious that there are no large amounts of Au-ions present on the axis of 

a gas-filled hohlraum during the time of observation. Calculations show that undetectable 

small amounts of gold of the order. of 1 % have no effect on the measured spectra. 

Figure 8 shows the axial electron temperatures inferred from the TS spectra measured at 

t = 1.3 ns and at various distances from the hohlraum center together with the results of the 

radiation-hydrodynamic LASNEX simulations. The results for T; are discussed in Sec. IIIC. 

The experimental electron temperature data clearly show a steep gradient from about 2 keV 

closer to the hohlraum center to up to 4.5 keV at a distance of 300 microns from the laser 

entrance holes where the heater beams cross on their way to the hohlraum wall. The error 

bars are obtained by varying the fits within the noise of the experimental data and in addition 

by varying the electron temperature gradient in Eq. (7). Although gradients primarily affect 

the measurement of the ion temperature they also result in a small uncertainty in Z’, of about 

5 %. The total error for T, is typically about 15 %. The gradients also affect the symmetry 

of the TS spectra, and in this study we obtain a qualitative understanding of the direction 

of the heat flow from a symmetry analysis. For a more quantitative understanding of heat 

transport it will be necessary to quantify currents in the stagnating plasma and to include 

non-local electron thermal transports4 in calculations of S(k, w). 

For the data analysis we have calculated the scattering parameter cy using electron den- 

sities from LASNEX13. Although for the present experiment we have (Y > 3 so that 

the spectra are not density sensitive, the k vector was slightly corrected from its vac- 

uum value37 since electron densities in the scattering volume approach O.l5n,,. We have 

k;= = (4n/Xs) sin(0/2)(l-n,/n,)1/2, and n, is the critical density for the 4w probe. Ignoring 

this effect would result in electron temperatures reduced by < 15 %. 

In Fig. 8 we compare the experimental data with two-dimensional radiation- 

hydrodynamic simulations where the hohlraum axis is chosen to be the axis of symmetry. 
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The calculated temperatures are taken along the axis averaged over 60pm consistent with 

the size of the scattering volume. This comparison is justified because the probe beam is 

not affected. by beam deflection or refraction. The radiation-hydrodynamic simulations use 

the code LASNEX with two approximations: The first model uses a flux-limited diffusion 

model for heat transport where the heat flow per unit area in regions of large classical heat 

flow -tcVT, has an upper bound of f(n,T,vJ, w h ere n,T,v, is the so-called free streaming 

value of heat transport and f is the flux limit chosen to be f = 0.05. The second model 

includes large-scale magnetic fields and is described in some detail in Sec. IIIB. 

The comparison in Fig. 8 clearly shows that the inclusion of magnetic fields into the 

modeling results in excellent agreement between the TS data and the calculations. The 

magnetic fields inhibit the electron thermal transport developing hot regions in the hohlraum 

(see next chapter). Our modeling of earlier 20 TS experiments have used an artificial 

inhibition of thermal transport by reducing the heat transport flux limiter to f = 0.01 which, 

in hohlraums, is equivalent to reducing classical transport by a factor of ten”. Magnetic 

fields or non-local effects were assumed to cause the heat flow inhibition. The new 4w TS data 

are complementary to our earlier 2w TS data from hohlraums which were heated without 

applying laser beam smoothing techniques. The new data verify our earlier conclusions about 

heat transport inhibition. In addition, they characterize electron temperature gradients in 

hohlraums thus providing a detailed data set to benchmark the radiation-hydrodynamic 

modeling. 

IIIB.Comparison with Modeling 

In this Chapter we present calculations which show that the spontaneous generation of 

magnetic fields at the hohlraum walls and their convection into the low-2 gas plasma affect 

the thermal transport and therefore the electron temperatures inside the gas plasma through 

which the heater beams propagate. Early predictions26 of magnetic fields in hohlraums 

resulted in inhibition of electron heat transport by a factor of 20. Other studies of magnetic 
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fields in laser-produced plasmas 65 have focussed on the mechanisms to generate these fields 

and their effect on the properties of the plasma neglecting many of the terms that generate 

or affect magnetic fields. In this study we have performed the first calculations of ICF 

hohlraum conditions with all relevant magnetic field terms. Of particular interest is the 

Nernst convection of the magnetic field by the heat flux that can result in local magnification 

of the field, and the thermomagnetic instability that is dependent on the Righi-Leduc heat 

transport coupled to the magnetic field generated from the Nernst effect and the electron 

pressure gradient. 

We applied a field solver with a single thermal electron component which is incorpo- 

rated into the two-dimensional Lagrangian radiation-hydrodynamic code LASNEX12. The 

field solution goes beyond the magnetohydrodynamic (MHD) limit since the full Maxwell 

field equations are solved, including the displacement current so that charge separation is 

included. A generalized Ohm’s law defines the current density. In the co-moving fluid frame 

the current density (in Gaussian units) obeys the following equation: 

where R = eB/m,c is the electron cyclotron frequency, P, = n,kBT, is the electron pressure, 

E is the electric field, R is related to the collisional contribution to the momentum flux that 

is given by Braginskii25 as a constitutive relation relating the drift velocity and the electron 

temperature gradient to the momentum flux and, hence, the electric current. The terms 

are broken into components both parallel and perpendicular to the magnetic field with 

proportionality coefficients relating the resulting current to the driving term. In a slightly 

different notation than Braginskii R is written: 

R = -(q - m)( eb . J)eb - v~J - V, (J X eb) 

where eb is the unit vector in direction of the magnetic field, the coefficients u; are the 

collision rates where the subscripts denote parallel, 11, perpendicular, L, and cross, x. The 
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cross collisional term with u, is sometimes called the collisional Hall term. The coefficients 

p; multiply the thermal electric terms. The third of the thermal electric terms, with /Q, is 

often called the Nernst term. The Nernst term plays a role in convection of the magnetic field 

along a temperature gradient 66 . One term which has not been included is the tensor pressure 

which is second order in velocity and which therefore adds a small directional perturbation 

to the pressure. However, since the pressure is taken to be a scalar in Eq. (ll), the Weibel 

instability has been neglected. .For hohlraum calculations with cylindrical symmetry and 

toroidal magnetic fields, Eq. (12) simplifies since the first and fourth term become zero. 

The heat conduction equation has been augmented by the inclusion of Braginskii’s con- 

stitutive relation for the heat flux, here rewritten using a slightly different notation than 

Braginskii: 

Q = +I- rd eb. J)eb - YLJ - yx (eb x J) 

+(Kll- kL>(eb - -2) eb - KIVT~ - sx(eb x VT,), (13) 

where in the limit of zero magnetic field ye is related to /3A through an Onsager reciprocal 

relation. The K;; are the thermal conductivities. The term with K., is sometimes called the 

Righi-Leduc term which plays a key role in the thermomagnetic instability67. 

The various terms which contribute to the generation of large-scale magnetic fields can be 

found by solving Eq. (11) for the electric field and substituting into Faraday’s law6’. Some 

of the terms which result are: the VT, x Vn, source term, magnetic convection, resistive 

diffusion, magnetic curvature, magnetic pressure, and thermal force terms. These terms are 

all of the same order and must all be included in the simulations. Magnetic fields produced 

by hot electrons are not included as well as small-scale fields of the size of laser filaments. 

Figure 9 shows the evolution of the toroidal magnetic fields in gas-filled hohlraums cal- 

culated with LASNEX using the magnetic field model described above. At early” times 

magnetic fields of the order of 1 MG are produced at the hohlraum walls where the laser 

beams initially deposit their energy. In addition, the hohlraum window is also magnetized. 

These fields convect into the low-2 plasma of the hohlraum causing inhibition of electron 
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thermal conduction since the product of the electron cyclotron frequency and electron-ion 

collision time w,r, approaches values of ten. In particular, in some regions which are tra- 

versed by the laser beams (indicated as dotted lines in Fig. 9) the heat tends to be confined 

for long periods of time comparable to the duration of the hohlraum heating. 

Figure 10 demonstrates this effect by showing a two-dimensional contour plot of the 

electron temperature. Hot plasma regions develop in the path of the laser beams which 

are surrounded by large magnetic fields. Furthermore, the temperature gradient along the 

axis of the hohlraum clearly correlates to the presence of the magnetic fields. Our TS 

measurements have observed both regions of hot plasma, the hot off-axis regions in Ref.l’, 

and the axial temperature gradient in Figure 8. The good agreement of this model with the 

TS data is very encouraging as its demonstrates our level of theoretical understanding of 

hohlraum plasma conditions and the importance of magnetic fields in ICF hohlraums. These 

findings will help us to develop our understanding of ‘laser scattering losses by SBS and SRS 

in hohlraums. A direct effect on present NIF hohlraums designs due to the changed plasma 

conditions is a slight modification of the optimal beam pointing. 

IIICStagnation Physics and Scaling to Higher Densities 

Electron and ion temperatures as a function of time on the axis (z = 800pm) of a 

methane-filled hohlraum are shown in Fig. 11. The ion temperature of the plasma is in- 

ferred from the width of the ion acoustic waves giving their damping and therefore the ion 

temperature. In principle, plasma gradients, turbulence or velocity fluctuations can all affect 

the results. On the other hand, when an independent determination of the ion temperature 

is available, the TS spectra provide an estimate of gradients or turbulence in the plasma. 

A large number of studies using different targets at Nova did not show the presence of tur- 

bulence or velocity fluctuations while plasma gradients have been shown to be important 

(Sec. IIA).. Moreover, our experiments with two-ion species plasmas where the ion temper- 

ature is inferred from the relative damping of the ion acoustic waves which belong to the 
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two ion species and not from the width of the waves give a clear indication of the absence 

of turbulence in these plasmas. Since in the present study we have measured the electron 

temperature gradients independently, T; can be inferred with error bars of order 25 % by 

applying Equation (7). 

The ion temperatures are less sensitive to the heat transport model in the simulations 

since they are determined by pdV-work when the low-2 plasma is compressed on the axis 

by the inblowing gold plasma from the hohlraum walls. The experimental ion temperatures 

show a fast rise at t = 1.2 ns to a peak value of Ti = (2.8 f 1) keV. The hydrodynamic 

simulations confirm that the rise of Ti is due to stagnation of the compressed low-2 plasma 

on the axis of the hohlraum where 90” particle scattering occurs on a scale length of 30pm. 

Heating of the ions by shocks or magnetic field compression is negligibly small. In addition, 

electron-ion temperature equilibration times are too large (> 1 ns) to explain the exper- 

imental data. In Fig. 11 we observe agreement between the experimental and calculated 

ion temperatures. With exception of the data point at t = 1.2 ns, the measured electron 

temperatures also agree fairly well with the simulations. The discrepancy for the early time 

data might be explained by small variations of order 100 - 200pm of the calculated location 

of the magnetic fields. The results presented in Fig. 11 indicate that stagnation processes 

in gas-filled hohlraums are well described by the simulations 

This is an important finding because the stagnating plasma generates a significant pres- 

sure which can affect the capsule dynamics in ignition experiments. For example, early 

NIF hohlraum designs used plastic liners15 instead of a gas fill to produce the low-2 beam 

propagation region in the hohlraum interior. These liners blew inward at high velocity and 

generated an early time axial stagnation pressure which affected the subsequent capsule 

implosion symmetry. These stagnation features are also observed with temporally-resolved 

two-dimensional x-ray images of empty gold hohlraums shown in Fig. 7(a). At t = 0.45 ns 

the gold blow-off plasma stagnates in between the laser spots and is subsequently filling the 

hohlraum with a high-density highly radiating plasma [see image at t = 1.8 ns in Fig. 7(a)]. 

Gas-filled hohlraums., on the other hand, do not show these emission features because stag- 
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nation is weaker and because of the absence of gold on the hohlraum axis. The calculations 

of (cryogenic) gas-filled hohlraums for the NIF show that the high gas pressures occur late, 

after the capsule has generated a large surrounding region of ablated material. Because 

the capsule is moving inward and the radiation ablated capsule blowoff is moving outward 

at speeds comparable to the sound speed in the gas fill, the capsule is essentially isolated 

from the pressure generated in the gas. In the present study we have further tested these 

predictions by performing TS in gas-filled hohlraums at Nova with higher, more NIF-like, 

gas-fill densities. 

Figure 12 shows the experimental 4w TS data from a propane-filled (CsHs) hohlraum (a) 

along with the electron and ion temperatures as a function of time (b). With exception of 

the gas fill all the other experimental parameters were kept the same as in the methane-filled 

hohlraum experiments. The characteristics of the streak data shown in Fig. 12(a) are rather 

similar to the lower density hohlraum results: They show narrow ion acoustics peaks which 

intensify and broaden during the heating of the hohlraum along with a slight red shift and 

asymmetry of the TS spectrum. They indicate increasing densities and ion temperatures 

on the hohlraum axis along with a macroscopic plasma and heat flow from the LEH region 

towards the hohlraum center. However, the onset of stagnation, measured by the fast rise 

of T;, is delayed by 0.3 ns for the higher-density propane gas fill [Fig. 12(b)]. 

The delay of the stagnation time is in good agreement with the radiation-hydrodynamic 

calculations verifying that a higher density gas fill in ignition target designs will be beneficial 

in preventing early axial stagnation. The fill density will then be limited by the tolerable level 

of laser scattering losses and the hot electron production by parametric instabilities’5~6g*70. 

The macroscopic flow seen in the experiments at this location is of the same order as cal- 

culated with LASNEX. The comparison of the experimental electron temperatures with 

the calculations is satisfying while the measured ion temperatures are 50 % larger than cal- 

culated. In this high-density case, the comparison is limited because of the fewer number 

of experiments so that gradients are not as well characterized as in the methane case. In 

addition, we observe appreciably higher backscatter losses due to SBS and SRS (13 % SBS 
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and 9 % SRS for a propane-filled hohlraum compared to 5 % SBS and 0.5 % SRS for a 

methane-filled hohlraum. Although the losses are taken into account into the modeling by 

subtracting them from the incident laser power, they introduce an additional uncertainty in 

the comparison of the absolute values for T, and T;. 

IV. CONCLUSIONS AND OUTLOOK 

Thomson scattering experiments at Nova have changed the way we model laser plasmas. 

They have shown the need to take into account heat transport limiting effects such as 

magnetic fields and to use sophisticated atomic physics radiation packages to model the 

conditions in ICF plasmas. 

We have extensively tested and verified the theory for TS spectra in plasmas with multi- 

ple ion species and with steep gradients with open-geometry experiments. The experiments 

have further demonstrated that TS is a novel experimental technique to measure the tem- 

peratures, density, and the averaged charge number 2 of high-Z plasmas with high spatial 

and temporal resolution. 

The applications of TS to characterize ICF hohlraum plasmas have pushed the limits of 

its applicability 1op71*72 to a parameter range of 1 eV < T, < 5 keV and 10”cm-3 < n, < 
_.. 

. 

3 x 1021cmm3. We have observed steep electron temperature gradients which are modeled well 

by radiation-hydrodynamic simulations when including magnetic fields. It will be interesting 

for future studies to explore TS for the measurements of local magnetic fields (e.g Ref.73) in 

a closed-geometry hohlraum plasma to verify the presence of mega-Gauss fields predicted by 

the simulations. Our measurements of the ion temperature have shown that axial stagnation 

in these gas-filled hohlraums is well described by the simulations. These results have shown 

that the gas fill will be an efficient tamper for future ICF experiments. 

At present, we are applying TS at Nova to a number of experiments for plasma character- 

ization and to test our understanding of high temperature ICF plasmas. These tests involve 

studies of non-LTE radiation physics models in high-Z plasmas, predictions of Mach-1 
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flow in exploding foil plasmas, studies of fluctuations, and investigations of the properties 

of laboratory astrophysical plasmas. 
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FIGURES 

Fig. 1. Schematic of the open-geometry disk experiments. 

Fig. 2. Experimental 2w TS spectra measured while the heater beam is on at t = 1.4ns showing 

the ion and the electron feature alon with theoretical fits. The dashed curves are calculations 

without gradients. 

Fig. 3. Averaged charge number, 8, electron temperature, T,, and electron density, n,=., as a 

function of time measured with TS. Calculations with DCA are in agreement with the observations 

while calculations with XSN are not consistent with the charge number and density data in the 

recombination phase of the plasma. 

Fig. 4. Experimental TS data from a two-ion species plasma as a function of time (a). The 

spectrum shows two ion acoustic waves due to Au and Be ions (b). The variations of the ratio 

T,/T; indicates the sensitivity of the relative intensity of the peaks to the ion temperature (c). 

Fig. 5. Schematic of the 4w TS experiments in Nova scale-l hohlraums. 

Fig. 6. Time-resolved TS data from a CHa-filled hohlraum heated with 10 smoothed beams (a). 

Examples of fits to the spectra at t = 1.2 ns and t = 1.6 ns giving the electron and ion temperature 

of the plasma (b). 

Fig. 7. Time-resolved two-dimensional x-ray images of the hohlraum gold emission with energies 

E > 2.5 keV observed along the hohlraum axis. Results are shown from empty hohlraums (a) and 

methane-filled (CHJ) hohlraums (b). The diameter of the hohlraums is 1,600pm and that of the 

LEH through which the observations have been made is 1,200pm. 
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Fig. 8. Electron temperatures measured on the axis of a methane-filled hohlraum at various dis- 

tances from the hohlraum center along with the results from our radiation-hydrodynamic modeling. 

The calculations with magnetic fields clearly show a temperature gradient in agreement with the 

experimental data while the calculations with standard heat transport inhibition f = 0.05 result 

in a rather isothermal plasma. 

Fig. 9. Calculated magnetic field contours for methane-filled hohlraums at various times during 

the heating of the hohlraum. The fields inhibit thermal transport in plasma regions through which 

the heater beams (indicated as dashed lines) propagate on their way to the hohlraum walls. 

Fig. 10. Calculated electron temperature contours for methane-filled hohlraums at t = 1.3 ns. 

The magnetic field causes the development of hot regions in the hohlraum through which the heater 

beams (indicated as dashed lines) propagate. 

Fig. 11. Axial ion and electron temperatures as a function of time at a distance of 800pm from 

the center of a methane-filled hohlraum. The calculations are seen to be in good agreement with 

the experimental data. The fast rise of T; at t = 1.2 ns is due to stagnation of the plasma on the 

axis of the hohlraum. 

Fig. 12. Time-resolved TS data from a CsHs-filled hohlraum heated with 10 smoothed beams 

(a). Also shown are the ion and electron temperatures as a function of time at a distance of 800pm 

from the hohlraum center (b). The stagnation of the plasma on the axis of the hohlraum indicated 

by the fast rise of T; occurs at t = 1.5 ns which is delayed by 0.3 ns compared to CHd-filled 

hohlraums. 

. . 
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